Extensive new results for the natural radiative lifetimes of the perturbed odd-parity 6snf 3 F 3 , J F 3 , and 3 F 4 sequences of barium (with 11 < n < 40, 11 < n < 40 and 13 < n < 40, respectively) have been calculated. The calculations were performed in the framework of multichannel quantum defect theory. The contributions to the transition probabilities of all known even-parity levels of the 6snd and 6sng configurations together with their perturber states and connected via the electric dipole operator with the 6snf 3 F,, 'Fj, and 3 F 4 levels, are considered. The results for the 6snf F 3 and 3 F 4 sequences, in contrast with those for the 6snf 3 F 3 series, show strong deviation from a hydrogenic scaling law. This deviation reflects the extended perturbations of these levels by some of the doubly excited states of the same parity.
Introduction
Highly excited and autoionizing states of atoms have been the subject of extensive studies in several laboratories. In particular, the alkaline-earth elements (Mg, Ca, Sr and Ba) have been studied using different spectroscopic techniques . It is known that these atoms have considerably more complicated spectra when compared with the spectra of the alkali atoms, because of the addition of a second electron outside the closed shells. The two electrons can couple to many different configurations and interactions between close-lying configurations are frequent. Such interactions are reflected in the primary energy level structure, but also in more subtle appearances like Zeeman and Stark effects, fine and hyperfine structure and Lande'-factors. The perturbations also affect the radiative properties of the atomic levels.
The odd-parity Rydberg seris of barium have been subject of several detailed spectroscopic studies. The 6snp levels were first studied by Garton and Tomkins [8] in a classical absorption experiment. In addition to level energies of the Rydberg P-states up to n = 75, valuable information regarding the autoionizing states with orbital angular momentum / = 1 was obtained. Armstrong et al. [9] , expanded this study of the bound / = 1 states to levels with 3 P X and 3 P 2 character, applying a three-step excitation scheme with pulsed tunable dye lasers. They also performed a multichannel quantum defect theory (MQDT) analysis of their results. The 6snp 1 P 1 series was found to be more strongly perturbed than the 6snp 3 P X series. The perturber states belong to 5dnp and 5dnf configurations. The level energies of these autoionizing configurations were determined by Abu-Taleb [10] , using a two step laser excitation process.
Accurate energy values of the 6snf and 3 F 23 4 levels with 10 < n < 50 were measured by Post et al. [11, 12] , using high resolution CW laser spectroscopic techniques. In addition to strong singlet-triplet mixing between *F 3 and 3 F 3 levels it was found that these levels are strongly perturbed by the J = 3 levels of the 5d8p configuration. Also the 3 F 2 and 3 F 4 levels are perturbed by the 7 = 2 and J = 4 levels of the 5d8p and 5d4f configurations. Zaki Ewiss et al. [13] [14] [15] measured the Stark effect of these Rydberg series, using CW UV-laser excitation from metastable 6s5d states. In these measurements the series perturbations could be verified. Although, the availability of tunable dye laser systems facilitated measurements of natural radiative lifetimes of atomic levels through selective state excitation, information on radiative lifetimes of the 6snf J F 3 and 3 F 2 3 4 (n > 11) levels of Bal is scarce. Unfortunately, the detection of the exponential decay of these highly excited levels suffers from deleterious black body radiation effects. Values for these lifetimes are important, not only to investigate perturbations of atomic levels, but also for the interpretation of data in the fields of plasma-and astro-physics. In this paper, extensive theoretical results for the natural radiative lifetime of the perturbed odd-parity 6snf 3 F 3 , *F 3 , and 3 F 4 sequences of barium (with 11 < n < 40, 11 < n < 40 and 13 < n < 40, respectively) will be presented. The calculation is based on the multichannel quantum defect theory (MQDT) analysis. A large number of experimental energy values for these series as well as those series contributing to the transition probabilities are used to generate wave functions.
Theoretical Background
The natural radiative lifetime r (yJ) of an excited atomic level |yJ> is defined in terms of intrinsic atomic properties (J is the total angular momentum quantum number and y denotes the other quantum numbers describing the atomic states). The level | y J> with energy W. ;J and degeneracy g t = (2 J 4-1) can decay to the level | y'J') with energy Wy r under emission of a photon with frequency determined by
(1)
This process is described with the electric dipole operator P. Commonly, many decay channels y J y'J' are available; with each channel a transition probability is connected:
The total transition probability is
The lifetime is defined as
The summation extends over all electronic states I y'J') with parity opposite to the parity of the |yJ> state, satisfying the well known the | AJ | = ± 1, 0 selection rules for dipole transitions.
The matrix element of the electronic dipole operator can be expressed in terms of the reduced matrix element Rl^ using standard angular momentum algebra. The resulting transition probability is expressed as [16] A(y J , yJ)=
The quantity \R y /j-\ 2 is called the line strength (S).
The calculation of the transition probability requires the evaluation of the reduced matrix elements Ri/j' of the electric dipole operator. This evaluation requires knowledge of the wave functions of the states involved. Once the wave functions, specified in the basis of MQDT channels are known the dipole matrix element can be reduced further to single-electron radial integrals of the type
Here R n i(r) is the radial part of the wave function of the «/-electron. This integral can be calculated in Coulomb approximation assuming generalized hydrogenic radial functions for the highly excited states normalized to the experimental level energies [17] . The feasibility of the procedure outlined here was tested by the calculation of the radiative lifetime of 6snd 13 D 2 Rydberg levels of barium (17 < n < 35) by Aymar and Camus [18] and on the polarizabilities of barium 6snf *F3, 3 F 2 3i4 Rydberg levels [13] [14] [15] ,
Results

General
The calculation of the natural radiative lifetime of the 6snf 3 F 3 , ^3, and 3 F 4 Rydberg sequences requires knowledge of the level energies and wave functions of these odd-parity J = 3 and 4 series as well as of the contributing even-parity levels of the 6snd and 6sng configurations, together with their perturber states in the energy region 41 100 cm -1 -41 970 cm -1 .
Accurate level energies (0.01 cm -1 ) of the 6snf 3 F 3 , ^3, and 3 F 4 Rydberg series in the interval n = 10-50 and an MQDT analysis of these J = 3 and J = 4 levels were reported by Post et al. [11] . The 6snf *F 3 Rydberg series is perturbed by the 5d8p 3 F 3 and 3 D 3 doublyexcited levels near n = 16 and by 5d8p ^3 near n = 20. It was found that the latter perturbation extends over a large number of Rydberg levels of the 6snf series. The 6snf 3 F 3 series was found to be slightly affected by the presence of the 5d8p levels. In Fig. 1 a Lu-Fano plot for the 6snf J = 3 levels is reproduced from [11] . The accurate measurements of the hyperfine structure and isotope shifts in the 6snf Rydberg series by Post et al. [12] , combined with the MQDT analysis of J = 3 level energies, provide reliable information on the wave functions of the 6snf 1,3 F 3 series in terms of singlet-triplet mixing coefficients and admixtures of perturber character for most n-values.
Also, a two-channel MQDT model has been developed to fit the accurate level energies of the 6snf 3 F 4 series and the 5dnp 3 F 4 (n = 7,8) perturbing levels [11] .
The MQDT wave functions for these levels were tested subsequently in the hyperfine structure and isotope shift data of Post et al. [12] and the quadratic Stark effect measurements of Zaki Ewiss et al. [15] , resulting in good agreement with observations. In [12] , it was found that the 5d7p 3 resulting in a near degeneracy with levels with higher orbital angular momentum L. This made it difficult to measure the quadratic Stark effect in this level [15] . In this case, the excitation of the 6s20f 3 F 4 level in the presence of an electric field quickly results in the evolution of a linear Stark-manifold. In Fig. 2 the LuFano plot of the 6snf 3 F 4 series is reproduced [11] .
Extensive MQDT analyses are available for the level energies of the even-parity 6snd and 6sng configurations as well. The levels of the 6snd configuration are perturbed by doubly-excited 5d7s, 5d8s and 5d6d i configurations for n < 10 and by 5d7d levels for n > 10 [16, [18] [19] [20] . Including hyperfine structure and Lande'-factor measurements Aymar [20] , performed a nine-channel MQDT analysis for the 6snd 1,3 D 2 levels. In addition to strong singlet-tripling mixing in the series, she perfound that the X D 2 levels are perturbed near n = 12, 14 and 26. Camus et al. [19] have measured energies for the 6snd 3 D 3 levels. The levels are perturbed near n = 10,12,17, 21 and 27 by 5d7d J = 3 perturber states. These perturbers also affect the 6sng 3 G 3 Rydberg series [13, 21] .
A wealth of information on the even-parity 6sng 1,3 G 4 and 3 G 5 levels, including experimental energy values, hyperfine structure data and MQDT wave functions of these levels together with their perturber states, has been collected by Vassen et al. [21, 22] . Wave functions based on MQDT channels for the 6snf 3 F 3 , , and 3 F 4 Rydberg levels as well as for the contributing levels of the 6snd and 6sng configurations together with their perturber states have been used in the evaluation of the reduced matrix element Rl J j'. Integral (6), was calculated in Coulomb approximation using the numerical method of Zimmerman et al. [23] , assuming generalized hydrogenic radial functions for the highly excited states, normalized to the experimental level energies.
Natural Radiative
Lifetimes in the 6snf 3 
F 3 Sequence
The values of the natural radiative lifetime of the 6snf 3 F 3 sequence of Ba I are calculated from (3) and (4). The results are given in Table 1 . Figure 3 , shows the ln-ln plot of the values of the lifetime versus the effective principal quantum number n*. The linear fit with slope 3 satisfies a hydrogenic scaling model (T OC n* 3 ). In Table 2 , the branching ratios corresponding to transitions of 6snf 3 F 3 levels to all lower evenparity 6snd 13 In Table 3 , calculated values for the radiative lifetimes (T) of the 6snf X F 3 (11 <n< 40) levels of Ba I are given. In Fig. 4 , the ln-ln plot of T versus n* is shown. shows a strong deviation from the hydrogenic model.
In Table 4 , the branching ratios correspoding to transitions of the 6snf *F 3 levels to all lower even-parity Table 2 .
Natural Radiative Lifetimes in the 6snf 3 F 4 Sequence
Calculated values for the natural radiative lifetimes (t) of the 6snf 3 F 4 (13 < n < 40) sequence of Ba I are collected in Table 5 . In Fig. 5 , the ln-ln plot of T versus n* is shown. It is noticed that hydrogenic model is not applicable in the region n = 13-27. In this region a sharp decrease in the value of the lifetime at n = 19 is observed. The decrease in the lifetime in the region n = 13-19 is due to the extended perturbation of the 6snf 3 F 4 (13 < n < 25) Rydberg series by strong interaction with the 5d8p 3 F 4 level [12] . The wave function of the 6sl3f 3 F 4 level contains 8.7% | 5d8p 3 F 4 > perturber character. The admixture of this perturber into the 6snf 3 F 4 levels was found to grow for n increasing to 19. For the 6sl8f 3 F 4 level, the perturber character reaches 41.9%, while it becomes 42.7% in 6sl9f 3 F 4 . It contains 39.3% perturber character. The inclusion of these admixture coefficients in the calculation increases the transition probabilities for the 6snf 3 F 4 levels with n < 19 and consequently shortens their lifetime. The value of the lifetime for the 6snf 3 F 4 levels for n > 20 is affected by the changes of the perturber character of these levels as mentioned above. On the other hand, the local perturbations of the 6snd 3 D 3 (at n = 27) and 6sng 1,3 G 4 (at n = 24) Rydberg series by the presence of the 5d7d 3 F 3 and 5d7d *G 4 perturber levels, together with the insufficient information of the 6snd 3 D 3 Rydberg series with n > 30, Camus et al. [19] , could affect the value of z for n > 34.
In Table 6 Table 2. contribute to the decay rate of the 6snf 3 F 4 levels, However, the contribution at n = 35 is much decreased in comparison with the contribution of the 6snd 3 D 3 levels because of a perturbation of the 6snd 3 D 3 series near n = 27 [19] .
Discussion
It is well known that the lifetimes of Rydberg levels of a one-electron atom (e.g. alkali atoms) shows an (n*) 3 Here a,, b, and c\ in (7) and d t and e, in (8) are the MQDT mixing coefficients of the interacting channels. These wave functions have pure LS-coupling angular momenta. However, the radiative decay of a given level i depends not only on these parameters but also may be affected by perturbations of the 6snd and 6sng contributing levels.
Conclusion
In this report, new results for radiative lifetimes of the odd-parity 6snf 3 F 3 (11 < n < 40), % (11 < n < 40) and 3 F 4 (13 < n < 40) Rydberg sequences of Ba I have been calculated, using the available MQDT wave functions of these levels and all contributing even-parity levels of the 6snd and 6sng configurations, including their perturber states. The results for the nf *F 3 and nf 3 F 4 levels, in contrast with the nf 3 F 3 levels, showed strong deviations from a hydrogenic scaling law. These deviations are attributed to the extended perturbations of many of the series involved. There is an obvious need for experimental data concerning the radiative lifetime of the Rydberg levels discussed in this work.
